Abstract. In order to reduce the impact of the decrease of inductor current during the freewheel switch on the pulse of next cycle, this paper puts forward a novel control scheme of pulse train (PT) according to the working character of the pseudo continuous conduction mode (PCCM) Buck-Boost converter. The novel scheme contains two pseudo continuous variables and makes the controller produce different current-controlled pulses depending on different-energy voltage-controlled pulses. The working process of the PCCM Buck-Boost converter under this new control scheme is analyzed in detail and the ratio of high-energy and low-energy voltage-controlled pulses is present. Compared with traditional control scheme with one pseudo continuous variable, the performance of the new converter is improved significantly. Simulation and experimental results verify the feasibility of the new control scheme and the correctness of the theoretical analysis.
Introduction
With the wide application of switching power supply, the requirement of its performance is increasing [1] . The control technology of switching power supply is the main factor that affects its performance. The pulse width modulation (PWM) technique based on linear control theory has gained increasing attention in recent years because of its poor transient characteristics and robustness and difficult design of compensation network [2] . People have been trying to use better control technology to improve the performance of switching power supply to meet the requirements of electronic devices [3, 4] .
Pulse train (PT) control technology proposed in recent years is a new nonlinear control technology of switching power supply [5] . It has been widely studied because of its simple control circuit and good transient characteristics and robustness. PT control technique preset high-energy and low-energy voltage-controlled pulses which have the same frequency and different duty ratio. Select suitable pulse as the effective control pulse through the relationship between the output voltage at the initial time of switching cycle and the reference voltage. Some high-energy and low-energy voltage-controlled pulses form a pulse train cycle and the controller adjusts the output voltage by adjusting the combination of the two pulses in pulse train cycle.
The switching converter operating at a constant frequency can work in discontinuous conduction mode (DCM) or continuous conduction mode (CCM). At present, the research of PT control technology is mostly based on the DCM converter, whose ability of carrying capacity is poor. Pseudo continuous conduction mode (PCCM) is a special operating mode different from DCM and CCM [6] . At any time the inductor current is greater than zero, and the inductor current is kept constant rather than zero before the end of the switching cycle.
Considering the equivalent series resistance of inductor and capacitor, this paper puts forward a new pulse train control strategy, which makes the Buck-Boost converter work in PCCM mode. The control process and high-energy and low-energy voltage-controlled pulses are analyzed. Finally, the feasibility of the method and the correctness of the theoretical analysis are verified by simulation and experiment. Fig. 1 shows the circuit structure diagram of PT controlled PCCM Buck-Boost converter. The diode D 2 and the switch S 2 are in parallel with the inductor L, which could provide a continued flow path for current. Converter can work in PCCM through controlling the on-off of the two switches. There are three parts in each switching cycle of a PCCM Buck-Boost converter. When the switch S 1 is on and S 2 is off, the inductor current i L and the output voltage V o ramp up. When S 1 and S 2 are off, i L ramps up and. When S 1 is off and S 2 is on, i L stays the same and V o ramps down.
PT Controlled PCCM Buck-Boost Converter
Drive circuit D 1 Fig. 1 The circuit structure diagram of PT controlled PCCM Buck-Boost converter Actually, the inductor current will be linearly decreased due to the loss of the inductance and the switch. Considering this losses, this paper proposes a new control strategy of PT to make the Buck-Boost converter work in PCCM, which has two pseudo continuous variables. There is only one pseudo continuous variable I ref in traditional PCCM converter. Whether the pulse train controller produces P H1 or P L1 , the pseudo continuous controller will produce corresponding current-controlled pulse to control the conduction of S 2 when i L drops to I ref . But in practice, for the time of freewheel switch of P L1 is long, the inductor current drops a lot, which will seriously affect the next cycle. For the time of freewheel switch of P H1 is short, the inductor current drops can be ignored. The inductor current waveforms of these two cases are shown in Fig. 3 .
The novel control strategy adds one time control volume on the basis of a reference current, which can't affect next cycle when the pulse train controller produces P L1 and the control performance can be improved significantly. Fig. 4 shows the main waveforms of this PT controlled Buck-Boost PCCM converter with two pseudo continuous variables. 
High-energy and Low-energy Voltage-controlled Pulses
For the PT controlled PCCM Buck-Boost converter, during the switch cycle of P H1 , the conduction time of S 1 is D H T, the waveform of which is shown in Fig. 4 . The mean value of the current flowing through the S1 during the switching period is where L is the inductance of converter.
The input terminal current of the converter is the current that flows through S 1 , so the energy obtained from the input during the switching cycle P H1 is
Similarly, the energy obtained from the input during the switching cycle PL 1 is
Assuming the pulse train cycle is composed of μ H high-energy voltage-controlled pulses and μ L low-energy voltage-controlled pulses when the converter is stable. The total energy of the converter obtained from the input of the pulse train cycle is .
Assuming the load power of the converter is P and the conversion efficiency of energy is η. There is the following relationship
By equation (4) and equation (5), we obtain
The equation (6) shows the main circuit parameters and the control parameters of the converter and the quantitative relation of high-energy and low-energy voltage-controlled pulses in the pulse train cycle, which can be used as reference in the design of control system.
According to the analysis method of PCCM converter, we can obtain the load power of pulse train cycle in DCM, that is
By comparing equation (6) and equation (7), we know that the load power of the PCCM is higher than that of the DCM under the same parameters of converter.
We can get the quantity proportion between P H1 and P L1 of pulse train cycle of the PCCM. The equation is
Similarly, we can get the quantity proportion between P H1 and P L1 of PT controlled DCM converter from equation (7). The equation is (8) and (9), we can draw the following conclusions. If the input voltage is constant while the load power is increased, the number of P H1 in pulse train controller would relatively increase. If the load power is constant and the input voltage rises, pulse train controller would generate more P L1 .
We can draw the relation curve between μ H /μ L and P of PT controlled PCCM Buck-Boost converter and PT controlled DCM Buck-Boost converter from equation (8) 5 shows that μ H /μ L increases with the increase of P. When P is increased to a certain value, μ H /μ L increases rapidly and the converter can't work normally. The range of load power of PCCM is greater than DCM. It can be concluded that, PCCM converter improves the load capacity compared with DCM converter.
Simulation Research
In order to prove the correctness of the theoretical analysis, the PT controlled PCCM Buck-Boost converter with two pseudo continuous variables is simulated, whose circuit parameters and control parameters are the same with the last section. Fig. 6 shows the simulation waveforms of voltage-control pulses of the PCCM converter under the same input voltage and different load power. When P is 1.8W, the pulse train cycle is P H1 -P L1 -P L1 -P H1 -P L1 , μ H /μ L =2/3. When P is 1.2W, the pulse train cycle is P H1 -P L1 -P L1 -P L1 , μ H /μ L =1/3. When P is 1.2W, the pulse train cycle is P H1 -P H1 -P H1 -
（c）P is 3. 4W   Fig. 6 Simulation waveforms The simulation results show that the pulse train controller generates more low-energy voltage-controlled pulses when the load power is light and the pulse train controller generates more high-energy voltage-controlled pulses when the load power is heavy. In addition, PT controlled Buck-Boost DCM converter can't work properly when P is 3.4W, which indicates that the PCCM converter can improve the load carrying capacity compared to DCM converter. The simulation results verify the correctness of the theoretical analysis.
Experimental Verification
In order to verify the feasibility of the new control strategy and the correctness of the theoretical analysis and simulation research, this paper build the experiment platform to test the PT controlled PCCM Buck-Boost converter with two pseudo continuous variables, whose experimental parameters are the same with simulation parameters. Switches use IRF3205. Diodes use SR560. Comparators use LM393. Photoelectric couplers use 6N137. Controller uses digital controller FPGA, whose model is EP4CE15F17C8. Drivers use A3120. Fig. 7 shows the experimental waveforms of voltage-controlled pulses and inductor current when the load power of the PCCM converter is 1.8W, 1.2W and 3.4W, respectively. The pulse train cycle is P H1 -P L1 -P L1 -P H1 -P L1 , P H1 -P L1 -P L1 -P L1 and P H1 -P H1 -P H1 -P L1 , respectively.
(c)P is 3. 4W  Fig. 7 experimental waveforms The experimental results are in agreement with the theoretical analysis and simulation results. The high-energy voltage-controlled pulse generated by the controller is relatively increased with the increase of load power and decline with the decrease of load power. The experimental results verify the feasibility of the new control scheme and the correctness of theoretical analysis and simulation research.
Summary
Traditional PT controlled PCCM converter has only one pseudo continuous variable. Based on this, this paper proposes a novel PT controlled strategy with two pseudo continuous variables. The controller generates corresponding current-controlled pulses according to the voltage-controlled pulses, which makes the performance of the converter improved significantly. The working process of the converter is analyzed in detail. The operation state and pulse combination of PT controlled Buck-Boost PCCM converter is analyzed through the simulation and experimental research. The feasibility of the new control method and the correctness of the theoretical analysis are verified. At the same time, it is proved that the load carrying capacity of PT controlled PCCM converter is significantly improved compared with the PT controlled DCM converter.
